Interstitial free (IF) steel specimens with different mean grain sizes ranging from 0.4 to 12 µm were fabricated by the accumulative roll bonding (ARB) process and subsequent annealing. Tensile tests at room temperature have revealed that by decreasing the mean grain size down to an ultra-fine range, the yielding behavior gradually changes from the continuous yielding to the discontinuous yielding, accompanying a yield drop phenomenon. It has been found that the yield stress of specimens having fine grain sizes shows extra-hardening, deviated from the original HallPetch relation for coarse-grained specimens in accordance with the discontinuous yielding. The HallPetch analysis also has indicated that the loss in the uniform elongation in the ultrafine grain size range is related to the appearance of the discontinuous yielding behavior.
Introduction
It is well-known that the yield stress of polycrystalline metallic materials increases with decreasing the mean grain size according to the HallPetch relation:
where · y is the yield stress, · 0 the friction stress, k y a constant (HallPetch slope), and d the mean grain size. The Hall Petch relation has been established first in low carbon steels which exhibit yield point phenomenon during tensile tests. It is well-known that the yield point phenomenon in low carbon steels is caused by the dislocation locking mechanism by interstitial atoms such as carbon and nitrogen. 3) On the other hand, interstitial free (IF) steels, where carbon and nitrogen are fixed as Ti/Nb carbides or nitrides to result in a substantially interstitial-free state, exhibit continuous yielding in the tensile test. 4) However, a recent study has revealed that discontinuous yielding, accompanying a yield drop phenomenon, occurs even in IF steels when the grain size is decreased down to an ultra-fine grain size range smaller than 23 µm.
5) The present study aims to investigate the effect of yielding behavior on the HallPetch relation and on the ductility of fine grained IF steel.
Experimental Procedure
Ti-added commercial IF steel with the initial mean grain size of around 20 µm was used in the present study. The chemical composition of the material is shown in Table 1 . Starting sheets in 1 mm thickness, 30 mm width, and 300 mm length were subjected to 7 cycles of accumulative rollbonding (ARB) process at 500°C without lubrication, using 50% rolling reduction per cycle. The total strain corresponding to the ARB process was 5.6. Then, the ARB processed sheets were annealed at different temperatures ranging from 500 to 800°C for 1.8 ks in order to change the mean grain size. The microstructure of the ARB and annealed specimens was observed on longitudinal sections perpendicular to the transverse direction (TD) of the sheets by SEM-EBSD (electron back-scattering diffraction in scanning electron microscope) system and the mean grain size of the specimens was measured by the linear interception method. Tensile test specimens with 10 mm in gauge length and 5 mm in gauge width, which had a 1/5 miniaturized size of the JIS-5 specimen, were cut from the ARB processed and annealed sheets. Tensile tests at ambient temperature with an initial strain rate of 8.3 © 10 ¹4 s ¹1 were carried out to characterize the mechanical properties of the specimens with different mean grain sizes. An extensometer was attached on the specimen during the tensile test for a precise measurement of the displacement.
Results
Specimens with mean grain sizes ranging from 0.41 to 12 µm were obtained by combining ARB and subsequent annealing processes. Figure 1 shows the EBSD maps of an as-ARB specimen and ARB processed and subsequently annealed specimens. The crystallographic orientation parallel to the normal direction (ND) of the sheets is represented by the colors according to the key stereographic triangle in the figure. Low angle grain boundaries (2°¯ª < 15°) and high angle grain boundaries (ª ² 15°) are indicated by white and black lines, respectively. The as-ARB processed specimen shows elongated ultrafine grains surrounded mostly by high angle grain boundaries with a mean grain size of 0.41 µm in Fig. 1(a) . Slight coarsening of the microstructure occurred in the specimen annealed at 500°C after 7 cycles ARB, as shown in Fig. 1(b) . As the annealing temperature increases, the grains gradually grew to attain more equiaxed microstructures, as shown in Figs. 1(c), 1(d) and 1(e). A weak coldrolling texture composed of ND//h111i orientations (colored in blue) and RD//h110i orientations (colored in red to purple) was found in these specimens. 6, 7) The mean grain size, which was measured by the linear interception method in random directions, of the five specimens shown in Fig. 1 , was 0.41, 0.57, 0.92, 1.6 and 2.3 µm, respectively. For larger mean grain sizes associated with higher annealing temperatures, equiaxed microstructures were more evident.
Nominal stressstrain curves for specimens with various grain sizes are shown in Fig. 2 . The mean grain size is indicated in each figure. The as-ARB processed specimen with the mean grain size of 0.41 µm shows very high yield strength and a quite limited elongation. With increasing the annealing temperature (i.e., with increasing the mean grain size), the strength of the material decreased. It is very interesting that the specimens in a relatively coarse grain size range exhibit continuous yielding while the distinct yield point phenomenon characterized by a yield drop and subsequent Lüders deformation occurs for specimens in a smaller grain size range from 1.3 to 2 µm. The Lüders strain increases with decreasing the mean grain size from 1.6 to 1.3 µm. When the mean grain size was smaller than 1.3 µm, macroscopic necking occurred immediately after the yield point and the material led to failure. Shear band (localized deformation) was observed on those tensile specimens.
The mechanical properties obtained from tensile tests are plotted as a function of the inverse square root of the mean grain size in Fig. 3(a) . The 0.2% offset proof stress (· 0.2% ) was taken as the yield strength for the specimens exhibiting continuous yielding, while the upper yield stress was taken for those exhibiting yield point phenomenon. The HallPetch relation has been obtained in the coarse grain size range (d larger than 2 µm). It has been noted that the relation is associated with a significant low k y (211 MPa·µm 1/2 ), compared with the value reported in low carbon steels (600 MPa·µm 1/2 ). 8) It has been also found that the yield stress deviates from the HallPetch relation when the mean grain size decreases below 2 µm. The deviation of the yield stress became more significant as the mean grain size decreased. It is interesting that the deviated yield stress seems also to follow a HallPetch relation with a significantly high slope, as is indicated in the figure.
The uniform elongation of specimens is plotted in Fig. 3(b) . The uniform elongation slightly increased with decreasing the grain size first and then decreased by about 5% as the mean grain size decreased from 12 to 2 µm. However, it sharply dropped to less than 2% within a very narrow grain size range indicated by the gray area (from about 2 to 1 µm), then leveled off when the grain size decreased below 1 µm.
Discussion
The yield point phenomenon in low carbon steels is usually explained by the dislocation locking mechanism by Cottrell atmosphere formed by interstitial atoms. However, the dislocation locking mechanism cannot explain the yield point phenomenon in the fine grained IF steel in the present study, since the interstitial atoms are fixed by titanium through forming carbide and nitride. Besides the present study, the yield point phenomenon has also been found in other ultrafine grained materials including pure (99 and 99.99% purity) Al, 4, 9) pure (99.97%) Cu, 10) commercial purity Ti, 11) various Al alloys 12) and austenitic steels, 13, 14) all of which do not usually show the yield point phenomenon in coarse grain sizes. Therefore, it is considered that the yield point phenomenon is an unique mechanical property of the ultrafine grained materials. According to Johnston and Gilman's theory, 15) the yield point in pure metals is attributed to the lack of initial mobile dislocations. It is believed that Johnston and Gilman's theory can be applied to the yield point in ultrafine grained materials as well, 12) although the mechanism of this interesting phenomenon has not been fully clarified yet.
As shown in Fig. 3(a) , positive deviation from HallPetch relationship of the yield stress was found occurs when the grain size is smaller than 2 µm, which exactly coincides with the grain size below which the specimen starts to exhibit the yield point phenomenon. As the mean grain size further decreased, the yield point phenomenon became more prominent and the deviation from the HallPetch relationship for coarse-grained specimens also increased. These results suggest that the deviation of the yield stress from the Hall Petch relation is caused by the yield point phenomenon. The yield point phenomenon, also referred to as the discontinuous yielding, is accompanied by the inhomogeneous deformation characterized by strain localization such as Lüders band. For the yielding occurring in such an inhomogeneous manner, a higher stress is required in order to nucleate and propagate such localized deformation bands. Since the plastic strain is localized during inhomogeneous yielding, the measured average strain throughout the gauge length cannot represent the true strain in the areas within which the plastic deformation actually occurs. Therefore, the actual flow behavior of the material during discontinuous yielding cannot be directly obtained from the macroscopic stressstrain curve. In order to estimate the true flow behavior of the material, the extrapolation process was carried out by using the Hollomon equation:
where · is the true flow stress, K is a strength index, ¾ is the true strain and n is a strain hardening exponent. The extrapolation process on one of the present specimens (d = 1.6 µm) is illustrated in Fig. 4 . The work hardening region of the true stressstrain curve was fitted with the Hollomon equation and the fitted curve was extrapolated back to the elastic deformation region. From the fitted and extrapolated curves, the · 0.2% could be measured. The extrapolation process was performed on just two of the present specimens with the mean grain size of 1.3 and 1.6 µm, which showed clear yield point phenomenon and subsequent strain hardening. The extrapolation process could not be performed on the specimens whose mean grain size was smaller than 1.3 µm, since macroscopic necking and failure occurred immediately after the yield point and stress Although it is shown that the positive deviation of the yield stress in the HallPetch relation in the fine grain size region is attributed to the yield point phenomenon, it is noteworthy that the deviated yield stress seems to follow a HallPetch type relation with a much higher slope and a negative interception as indicated in Fig. 5 . The physical meaning of this linear relationship is still not clear, but it should be related to the discontinuous yielding behavior as well. The yield stresses of the as-ARB processed specimen and 500°C annealed specimen (d = 0.41 and 0.57 µm) are found lower than those predicted by this linear relationship. This is possibly because these two specimens have such microstructures that are associated with large number of mobile dislocations, which may lower the flow stress at the yield point. Further investigation is necessary to clarify the physical meaning of the apparent HallPetch relation for the extra hardening plots.
As shown in Fig. 3(b) , the uniform elongation of the material slightly increases first and then decreases as the mean grain size decreases from 12 to 2 µm. However, it suddenly drops to less than 2% as the mean grain size decreases from 2 µm to about 1 µm, and then remains at a very low value (12%) with further decreasing the mean grain size to submicron scale. Such a sudden drop in the uniform elongation is explained also by the HallPetch analysis of the yield stress and the flow stress, which is shown in Fig. 6 . In Fig. 6 , the yield stress, 0.05, 0.1, 0.15 and 0.2 flow stresses (true stress at each true strain) of the specimens having different mean grain sizes are plotted as a function of the minus square root of the mean grain size. It is known that the HallPetch relation can be applied not only for the yield stress but also for the flow stress at a given strain:
where · ¾ , · 0¾ and k ¾ are the flow stress, friction stress and HallPetch slope at a given strain (¾), respectively. It can be seen in Fig. 6 that, in the coarse grain size region, the flow stresses at different strains also follow the HallPetch relation (dashed lines in Fig. 6 ) having nearly an identical slope (about 180 MPa·µm 1/2 ) and increasing · 0¾ with increasing the strain. When the mean grain size decreases below 2 µm, the yield stress starts to deviate from the Hall Petch relation for coarse grains, and even exceeds the flow stresses at given strains. If the yield stress exceeds the flow stress, it indicates that strain softening (or plastic instability) occurs at the onset of yielding. The plastic instability proceeded in the Lüders deformation manner when the mean grain size was between 1.3 and 1.2 µm. In this grain size range, strain hardening still occurred after Lüders deformation. With decreasing the mean grain size furthermore, the deviation of the yield stress from the original Hall Petch curve increased rapidly within a very narrow grain size range (indicated by the gray area in Fig. 6 ) and it even exceeded the flow stress at a 0.2 strain. It should be noted here that the narrow gray region shown in Fig. 6 coincides with the narrow grey region where the uniform elongation suddenly drops to a lower level in Fig. 3(b) . That is, the loss of uniform elongation and plastic instability occur in the same narrow grain size range. This means that the abrupt drop of uniform elongation in fine grained materials can be predicted also by the HallPetch graph shown in Fig. 6 . When the mean grain size becomes smaller than 1.3 µm, Lüders strain becomes significantly high, so that necking immediately occurs within the first Lüders band. Then the uniform elongation sharply drops to below 2%. . The gray area indicates the grain size range where yield point phenomenon occurs and the material loses uniform elongation.
Conclusion
In the present study, we fabricated the IF steel specimens with different grain sizes ranging from 0.4 to 12 µm by ARB process and subsequent annealing. Tensile tests at room temperature revealed that with decreasing the mean grain size down to an ultra-fine range, the yielding behaviors gradually changed from the continuous yielding to the discontinuous yielding accompanying a yield drop. As the mean grain size became smaller than 2 µm, the yield stress deviated from the original HallPetch relation extrapolated from the coarse grain size range. The deviation of the yield stress was attributed to the discontinuous yielding phenomenon, which was confirmed by the HallPetch analysis using extrapolated stressstrain curve. The HallPetch analysis also implied that the abrupt loss in the uniform elongation in the ultrafine grain size range corresponded to the appearance of discontinuous yielding behavior. As the discontinuous yielding has been found in many UFG materials, we believe that it is an unique mechanical behavior of UFG materials. And the present study has shown that it has a significant importance on the mechanical performance of ultrafine grain materials.
